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ABSTRACT
High resolution (1” × 2”) ALMA CO(2-1) observations of the ram pressure stripped galaxy NGC
4402 in the Virgo cluster show some of the clearest evidence yet for the impacts of ram pressure
on the molecular ISM of galaxies. The eastern side of the galaxy at r ∼ 4.5 kpc, upon which ram
pressure is incident, has a large (width ∼1 kpc, height ∼2 kpc) extraplanar plume of gas and dust,
first seen in HST observations of dust extinction. Molecular gas in the plume region shows distinct
non-circular motions as large as ∼80 km s−1 in the direction of the ram pressure, a kinematic offset
greater than any other feature in the galaxy, indicating acceleration by ram pressure. We also detect a
small amount of gas in clouds below the plume that are spatially and kinematically distinct from the
surrounding medium. We propose that diffuse molecular gas is directly stripped and not GMC density
gas, but that gas in GMC’s becomes effectively stripped on short timescales because GMC lifetimes are
shorter than the stripping timescale. We also find morphological and kinematic signs of ram pressure
compression of molecular gas around a region of intense star formation on the leading side at r ∼ 3.5
kpc. We propose that the compressed and stripped zones represent different evolutionary stages of the
ram pressure interaction, and that feedback from star formation in the compressed zone facilitates the
effective stripping of GMC’s by making the gas cycle rapidly to a lower density diffuse state.
1. INTRODUCTION
Ram pressure stripping (RPS) is a major source of
star formation quenching in galaxies in clusters, as has
been identified by the outside-in radial quenching signa-
ture it leaves as a result of selective outside-in removal
of gas (Pappalardo et al. 2010; Abramson et al. 2011;
Merluzzi et al. 2016; Fossati et al. 2018; Cramer et al.
2019). Ram pressure can also trigger short-lived star-
bursts before the gas is removed (Vollmer et al. 2012;
Vulcani et al. 2018), and in some cases these starbursts
form more massive star clusters (Lee and Jang 2016).
In order to understand the general importance of RPS
in galaxy evolution, including in environments such as
groups (Smethurst et al. 2017; Vulcani et al. 2018),
galaxy pairs (Moon et al. 2019), and in the earlier uni-
a The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agree-
ment by Associated Universities, Inc.
verse (Mayer et al. 2006; Boselli et al. 2019), we need
to understand how easily gas is stripped, and the physi-
cal conditions that produce either triggered star forma-
tion or stripping. The impact of RPS on the evolution
of galaxies depends on the behavior of the densest gas,
the molecular gas, during stripping episodes, as it is the
medium in which stars form, and in some circumstances
is the dominant interstellar medium (ISM) component
by mass.
According to the simple Gunn & Gott formula (Gunn
and Gott 1972), which compares the ram pressure force
to the gravitational restoring force, stripping suscepti-
bility is linearly proportional to the gas surface density
Σgas, meaning that molecular gas, which is the dens-
est gas, is least susceptible to stripping. The relevant
physics are undoubtedly more complex than is implied
by the Gunn & Gott relation, but additional factors
would not change the fact that denser gas is harder to
strip.
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2If stripping susceptibility is well approximated by the
Gunn & Gott relation, and the standard estimates of in-
tercluster medium (ICM) gas density and relative veloc-
ity in Virgo are close to correct (see Crowl et al. (2005);
Lee et al. (2017) for examples of these estimates), giant
molecular clouds like those in the solar neighborhood
of the Milky Way, with gas surface densities of ∼100
M pc2 (Blitz et al. 2007), should resist stripping in
intermediate mass clusters like Virgo. Simulations by
Tonnesen and Bryan (2009, 2010) of the ISM in galax-
ies under ram pressure comparable to that in Virgo also
find no evidence for direct stripping of giant molecu-
lar cloud (GMC) density molecular gas. While signifi-
cant amounts of molecular gas have been found in the
extraplanar gas tails of ram pressure stripped galaxies
(Vollmer et al. 2008; Sun et al. 2010; Ja´chym et al. 2014,
2017), the gas has been generally assumed to cool and
form in situ. It is possible however, that in more massive
clusters such as Coma where the average strength of ram
pressure is estimated to be approximately 10−100 times
higher than Virgo, some direct stripping of GMC’s may
occur, although it has never been directly observed.
Early studies found no CO deficiency in HI deficient
Virgo cluster spirals (Kenney and Young 1989), which
was attributed to GMC’s being too dense to strip in
Virgo, although the reality is more complex. In Boselli
et al. (2014), the authors found a correlation between
HI deficiency and modest CO deficiency in a survey of
Virgo cluster galaxies. The large HI and modest molec-
ular gas deficiencies of cluster galaxies can be under-
stood together if nearly all the gas beyond some radius
is stripped (Cortese et al. 2016). Gas from the inner
galaxy is harder to strip, and molecular gas is more cen-
trally concentrated than HI. This corresponds well with
the observation of well-defined gas truncation radii in
most stripped Virgo spirals, with almost no dust ex-
tinction, HI, HII regions, or star formation beyond a
fairly well-defined gas truncation radius (Cayatte et al.
1990; Chung et al. 2009; Koopmann and Kenney 2004;
Cramer et al. 2019). Apparently when the ISM gets
stripped, virtually all the gas, including the molecular
gas, seems to disappear fairly quickly, and molecular gas
is thus effectively stripped (Kenney et al. 2004; Boselli
et al. 2014), despite the fact that GMC’s should be too
dense to be directly stripped in Virgo. Some gas may
still remain in the stripped zone, as evidenced by de-
coupled clouds of dust observed just beyond the main
gas truncation radius in Hubble Space Telescope (HST)
images of two actively stripped Virgo spirals (Abramson
and Kenney 2014), and these are proposed to be clouds
which are too dense to directly strip. However, only a
small fraction of the pre-stripped molecular gas mass is
found in these clouds, so most of the molecular gas is
effectively stripped.
The physical mechanism by which RPS results in the
removal of most of the molecular gas remains unclear.
Of critical importance is the typical lifetime of GMC’s,
and the relative amounts of molecular gas in the diffuse
and GMC states. Roman-Duval et al. (2016) found that
∼25% of the molecular gas in the Milky Way is diffuse,
and this fraction increases with radial distance from the
galaxy center. In the spiral galaxy M51, Pety et al.
(2013) found ∼50% of the molecular gas is in a diffuse
state, likely with a lower surface density than GMC’s, so
easier to strip. Does diffuse molecular gas get stripped?
Does gas evolve rapidly enough through the GMC phase
that it can be stripped when in a lower density state?
How does the efficiency of stripping relate to the simple
Gunn & Gott formula (Quilis et al. 2017)?
To date, no convincing evidence has been found show-
ing the direct transport of diffuse or GMC density molec-
ular gas by ram pressure, particularly with a clear veloc-
ity signature of the gas transport. Only the resolution
of the Atacama Large Millimeter Array (ALMA) has
made it possible to study the detailed gas distribution
with sufficient spatial and velocity resolution to observe
the non-circular motions in the molecular gas caused by
RPS, as the gas is accelerated up and away from the
disk.
1.1. NGC 4402
NGC 4402 is one of the nearest and clearest exam-
ples of a ram pressure stripped spiral galaxy. It is close
enough that one can study with high spatial and kine-
matic resolution the effects of RPS on gas in the disk.
NGC 4402 is located in the Virgo cluster at a distance of
∼17 Mpc (Mei et al. 2007), and ∼0.4 Mpc in projected
distance from the cluster center. It is likely a member of
the merging subcluster located around the giant ellipti-
cal M86 (Bo¨hringer et al. 1994). The galaxy was found
to be HI deficient by Giovanelli and Haynes (1983), and
later confirmed to have a truncated HI disk by Cay-
atte et al. (1990). In Cortese et al. (2004), the authors
found an extraplanar HII region above the disk of NGC
4402, which they suggested may be the product of ram
pressure. Crowl et al. (2005) established NGC 4402 as
being actively ram pressure stripped, via the detection
of a prominent radio continuum tail, and also identi-
fied several large filaments of dust in the galaxy that
protrude into the otherwise stripped zone, and use the
morphology of these features to estimate the projected
wind direction. Furthermore, Crowl et al. (2005) also
found the stellar disk of NGC 4402 to be undisturbed,
3ruling out any strong influence from tidal interactions
on the structure of the galaxy.
The effects of the ram pressure on the ISM of the
galaxy, seen in the dust extinction features in the HST
optical images (Figure 1a), are most apparent on the
eastern side, where a large plume of dust rises above the
disk, revealing young stars that would otherwise be hid-
den by the dust. Some of the effects of the RPS on the
ISM of the galaxy were characterized through analysis
of the dust extinction features (Abramson and Kenney
2014; Abramson et al. 2016). The authors found dense
clouds of dust, that appeared to be the only surviving
ISM in the mostly stripped, HI deficient southern zone
of the galaxy. These clouds were found to account for
only ∼ 1% of the pre-stripped ISM mass, although this
estimate has significant uncertainty since the dust mass
is estimated from extinction, and the gas mass is calcu-
lated assuming a Milky Way H2-dust ratio.
NGC 4402 was previously observed in CO (1-0) by
Kenney and Young (1989), in which the authors found
a roughly normal CO content, but an asymmetric gas
distribution, with stronger emission on the eastern side.
The galaxy was recently observed in CO (2-1) by Lee
et al. (2017) with the Submillimeter Array (SMA) at a
resolution of 7” × 4”. The authors compared their ob-
servations with HI maps and found that, like the HI, CO
and Hα appeared to be compressed on the southern side
of the disk and more extended to the north, consistent
with ram pressure from the southeast.
Our ALMA observations reveal a greater spatial ex-
tent of CO emission, and much more detail related to
the ram pressure interaction than could be seen with
the SMA data of Lee et al. (2017) as we have greater
resolution and sensitivity.
1.2. Outline
In this paper we present a detailed study of the molec-
ular gas distribution and kinematics of NGC 4402 at 1
× 2” (80 × 160 pc) resolution, focusing on the eastern
(leading) side since that is the region most affected by
ram pressure. In section 2 we present technical details
of our observations. In section 3, we present the data
and provide a general description of the overall CO dis-
tribution and kinematics. In section 4 we present our
velocity model of the galaxy, and with this we identify
non-circular motions in the data that are presumably
due to ram pressure. In section 5, we analyze the kine-
matics, masses, densities, spatial extents, and other key
properties of interesting ISM features sculpted by ram
pressure at the leading side. In section 6, we discuss the
implications of our findings, and the predicted evolution
of the ISM as a result of ram pressure, via compression,
star formation, and stripping. Finally, in section 7 we
present a summary of the results laid out in this paper.
We plan to present ALMA CO(3-2) observations and
discuss line ratios as well as the western side of the
galaxy in Paper II.
2. OBSERVATIONS
We observed NGC 4402 with ALMA in 2015-16
during Cycle 3 & 4, (project codes 2015.1.01056.S,
2016.1.00912.S, PI: Kenney). We observed in Band 6,
centered around the CO(2-1) line at 230.36 GHz. We
also observed the CS(5-4) line, but found no emission.
The galaxy was mapped in mosaicking mode with 67
pointings using the 12m array, and 25 pointings using
the 7m ALMA Compact Array (ACA). Their respective
primary beams are 25” for the 12m antenna and 43”
for the 7m antenna. The resulting mosaic has a total
angular size of 180” × 45”. The velocity resolution of
the data is 1.27 km s−1 and the total time on source
with the 12m array is 87.5 minutes, and with the ACA,
343 minutes.
Flux calibration is based on observations of Cal-
listo and Ganymede (ACA) and J1229+0203 (12m),
bandpass calibration uses J1229+0203 (12m & ACA),
and the phase calibrators are J1215+1654 (12m) and
J1229+0203 (ACA).
The data have been calibrated using the CASA
pipeline, and combined using the CASA software pack-
age (version 5.4.0). No significant continuum emission
was found in the spectral windows around the CO(2-1)
line. We chose to weight the data with a Briggs ro-
bustness of 2.0 (closest to natural weighting), with a
resulting beam size of 2.3” × 1.1”. The CO(2-1) data
has an elongated beam due to the low elevation of the
target on the sky.
The data were cleaned using the CASA tclean task;
due to the large, and diffuse structure throughout the
data cube, we utilized the multi-scale clean option.
Emission was found in 85 binned 5 km s−1 channels,
ranging from 25 − 450 km s−1. The data were cleaned
down to a pre-cleaning RMS level of ∼6 mJy beam−1
per channel. We used the IDL mommaps routine cre-
ated by Tony Wong1 to make moment 0, 1, & 2 maps
with a local background threshold of 1.5 sigma. From
the moment 0 map, we measured a total CO(2-1) flux
(of all flux above 1.5 sigma significance) of 1406± 52 Jy
km s−1, remarkably consistent with the flux measured
with the SMA by Lee et al. (2017), 1401 ± 12 Jy km
s−1. We also detect gas to further radial extent, as well
1 https://github.com/tonywong94/idl mommaps
4as some fainter features that they do not, including: the
low level CO (2-1) in the large, stripped eastern plume
region, decoupled clouds below the plume, filaments of
material sticking out into the southern stripped region.
3. OBSERVATIONAL RESULTS
3.1. Overall CO distribution
Our ALMA observations reveal the molecular gas dis-
tribution in the central few kpc of the galaxy NGC 4402.
The CO(2-1) moment 0 map in Figure 1b shows that
the central kpc has three CO peaks of similar bright-
ness. One of these is close to the nucleus, the other two
symmetrically straddle the nucleus, resembling the twin
peaks CO distributions commonly observed in the center
of barred galaxies (Kenney et al. 1992). In addition, the
kinematic minor axis (Figure 1d) is tilted with respect
to the photometric minor axis within r = 0.4 kpc, as
is typically found in barred galaxies. The CO intensity
map (Figure 1b) appears to show a strong spiral arm in
the west, and a significantly weaker one in the east. It
can be seen that on the west side of the galaxy the spi-
ral arm has small gaps at 30” and 50”, whereas the east
side has an especially large gap in the emission between
10−15”. The CO intensity drops off sharply at a radius
of r = 60”= 4.8 kpc in the east, and r = 65”= 5.2 kpc in
the west, although some weak CO features are detected
beyond this in the west out to ∼100”.
The ALMA CO distribution shows evidence for ram
pressure acting from the southeast, consistent with the
estimated projected ram pressure wind direction of ∼45
deg for NGC 4402, based on dust filament orientation
and the radio continuum morphology (Crowl et al. 2005;
Murphy et al. 2009; Abramson and Kenney 2014). The
CO distribution is more compressed to the south than
the north, as was also noted by Lee et al. (2017). We also
detect a (stripped) extraplanar CO plume at the eastern
(leading side) edge of the gas disk in the new ALMA
data, a feature first noted in the dust by Abramson and
Kenney (2014), but not detected in molecular gas in
the shallower SMA data presented by Lee et al. (2017).
Beyond r = 55” in the east, all the CO emission is part
of the plume and on the north side of the major axis.
3.2. Overall CO kinematics
Comparison of the two sides of the galaxy reveals
clear evidence of disturbed kinematics. In an undis-
turbed galaxy, a moment 1 velocity map, and a PVD
along the major axis, should both look quite symmetric
about the minor axis, apart from any bar or spiral arm
streaming motions. In NGC 4402 this is not the case, as
is highlighted in the position-velocity diagram (PVD)
shown in Figure 2. The PVD shown encompasses the
entire north-south extent of the CO (2-1) in the galaxy
(width of ∼33”), mirrored about the central velocity of
the galaxy, 230 km s−1. In contours, we show the west
side of the galaxy mirrored onto the east side, to high-
light the asymmetric kinematics. The upper envelope
of the velocity on the two sides of the galaxy looks rel-
atively symmetric inside r = 25”, including both the
steeply rising circumnuclear component inside r = 5”,
and the region beyond, from r = 5− 25”. Thus, we are
confident that the central velocity we chose for folding
is correct.
There is some notable difference in the two sides of the
galaxy from r = 25− 40”; the east side appears to have
overall lower velocity dispersion than the west side (Fig-
ure 1e). On the east side of the galaxy, upon which the
ram pressure would be strongest, the isovelocity con-
tours in the moment 1 map of the galaxy (Figure 1d)
appear to straighten (constant RA) from r = 25 − 55”
as opposed to the more typical “V-shaped” isovelocity
contours on the west side (this was also noted with the
SMA by Lee et al. (2017)). These V-shaped isoveloc-
ity contours are what one would expect to observe in
an undisturbed galaxy dominated by rotational motion.
In addition, the spiral arm density waves appear to be
stronger in the west, as observed in the total CO in-
tensity map and the isovelocity contour map, Figure 1b
& e. The PVD in Figure 2 shows more prominent low
velocity components near every peak in the spiral arm,
strongly suggesting that the lower velocity components
are associated with spiral arm streaming motions. This
spiral arm east-west asymmetry might be related to ram
pressure, although it is hard to tell. Some outermost
gas (r > 60”) in the west is clearly morphologically and
kinematically disturbed, probably from ram pressure,
and there are other interesting features in the west, but
these will be discussed in detail in Paper II.
The two sides of the galaxy begin to clearly diverge
in their average velocity around r = 30”. The velocities
of the upper envelope of the PVD on the western side
continue to gradually increase with the same slope as
r = 10 − 25”, and the isovelocity contours of the mo-
ment 1 map show mostly circular motions. The veloci-
ties on the eastern side rise much more sharply, and the
isovelocity pattern shows clear non-circular motions, as
shown in Figure 1d. At r = 45”, the CO surface bright-
ness peaks at its highest value outside of the circumnu-
clear region, 0.1 Jy km s−1, likely due to compression of
the ISM from ram pressure.
Beyond r = 55” on the east side we observe the most
extreme velocity divergence from the undisturbed west
side in the entire galaxy. This is in the region of the dust
plume, shown in Figure 6. The plume has a significant
5(a) HST BVI
(d) CO mom1
(e) CO mom2
(b) CO mom0
(c) CO mom0 + HST
Figure 1. 1.a: An HST color image of NGC 4402 made with three filters, F435W in blue, F505W in green, and F814W in
red (From a NOAO press release (https://www.noao.edu/outreach/press/pr04/pr0406.html), with data from Abramson and
Kenney (2014)). b: A moment 0 map of our ALMA CO (2-1) data. We note that there is some emission to the south of the
galaxy that we believe to be an artifact from the sidelobe subtraction in our data reduction. c: CO intensity on F606W with
the contour levels ranging from 0.12− 7.6 Jy beam−1 km s−1 or ∼4− 265 M pc−2. d: A moment 2 (velocity dispersion) map
of the CO (2-1). e: A moment 1 velocity map of the CO (2-1).
6Figure 2. A position velocity diagram (PVD) of CO(2-1) emission along the major axis of NGC 4402, encompassing the full
body of the galaxy. In contours is a mirror of the right (west) side of the galaxy is overlayed on the left (east) side. The PVD
clearly shows the asymmetry between the two sides of the galaxy, particularly past ∼40”.
7increase in velocity with distance from the base to the
outer end of the feature. At the north-eastern extreme
of the plume, the gas reaches the most extreme velocity
observed, ∼80 km s−1 higher with respect to the galaxy
center than gas at the same radius on the west side of the
galaxy (see the PVD in Figure 1). Ram pressure is the
only plausible explanation which could account for both
the morphology and kinematics of this feature. The stel-
lar body of the galaxy is symmetric and regular, with no
suggestion of any gravitational disturbance (Crowl et al.
2005) such as would be expected from a tidal interaction.
Furthermore, the effects of ram pressure are expected to
be stronger on the eastern side, since this is the leading
side of the ram pressure interaction, and the velocity off-
set of the plume is redshifted, consistent with stripping
as the galaxy is moving towards us (blueshifted) with
respect to the cluster.
4. VELOCITY MODELING
To quantify the deviation from normal disk rotation
seen in NGC 4402, we generate a model of the galaxy if
it were undisturbed by ram pressure. To this purpose,
we used the TiRiFic software package (Jo´zsa et al. 2007)
which produces kinematic models based on circular ve-
locities. TiRiFiC uses a tilted ring parameterization of
a rotating disk to create a model data cube that it can
smooth to the same resolution and beam size as our
ALMA data. To make this model cube, TiRiFiC re-
quires three main inputs at the radius of each ring: the
circular velocity, the velocity dispersion, and the surface
brightness. To measure the circular velocity, we assume
that the west side of the galaxy, being more shielded
from ram pressure and having a more regular moment 1
map velocity profile, is composed purely of circular mo-
tions. We then mirror the west side about the nucleus,
to make a map of an entire undisturbed galaxy. To de-
termine the point about which to mirror the west side
of the galaxy, we measured Vsys of NCG 4402 using the
inner r ∼ 10” as input for DiskFit, a program that uses
a tilted ring model to fit the photometry and kinematics
of disk galaxies and is able to account for the beam size
of the observations (see Sellwood and Spekkens (2015)
for documentation). We do not attempt to fit the kine-
matics of the spiral arms in the galaxy, however, in the
central r ∼ 10”, we do use DiskFit to fit an additional
non-circular component of the velocity to account for
bar streaming motions. We measure the center of the
galaxy to be RA= 12h26m11:08s DEC= +13h04m58:24s
in ICRS J2000, and the central LSRK velocity to be
Vsys = 232 ± 3 km s−1. This velocity is consistent with
the central velocity of 230 km s−1 about which we folded
the kinematic data for the mirrored PVD in Figure 2.
Having folded the galaxy about the kinematic and spa-
tial center, we now have an approximation of the velocity
field and velocity dispersion field of NGC 4402 if it were
undisturbed other than by the bar and spiral arms. We
then executed DiskFit on this full, mirrored map, once
more fitting for a bar and ignoring non-circular motions
from the spiral arms, to measure the circular velocity at
the radii of a series of concentric rings.
The resulting rotation curve is shown plotted on a
PVD of the full galaxy in Figure 3. We note that the
velocity of the decoupled clouds at the far eastern side
of the galaxy is accurately predicted by our model, sug-
gesting their velocity is purely due to circular motion,
and thus that they have not been accelerated by ram
pressure.
To measure the surface brightness profile, we also used
DiskFit on the moment 0 map to measure the surface
brightness at each ring. For the final input, the veloc-
ity dispersion, we approximated the velocity dispersion
profile of the west side of the galaxy, based on the CO
(2-1) moment 2 map (Figure 1e) with a spline fit, to
smooth over any discontinuities.
The radial profiles of the circular velocity, surface
brightness, and velocity dispersion, are then used as in-
put for the cube modeling software TiRiFiC. To deter-
mine the differences between the two sides of the galaxy,
western and eastern, the model we generated is axisym-
metric (except for the bar region) about the nucleus for
all three parameters, except for the central r ∼ 10”
bar region. A PVD comparison of the resulting cube
is shown in Figure 4, with the data in colors and the
model in contours. It can be seen that around r = 50”
in the east the data has consistently higher velocities
than what the model would predict from an undisturbed
rotation curve (similar to Figure 2). At around r = 60”
the plume diverges from the model velocities by ∼80 km
s−1. This supports the claim that the velocities in the
plume are the result of an outside pressure; the increase
in non-circular velocities rises with distance along the
plume, which is a signature of ram pressure. This can
also be seen in Figure 5, where we show PVD slices of
select regions of the data and model equidistant from
the galaxy center. This figure shows both the ∼30 km
s−1 offset of the compressed region in panel 2, as well
as the clearly divergent kinematics of the plume gas in
panel 1.
5. THE EXTRAPLANAR PLUME, DECOUPLED
CLOUDS, & FILAMENTS
The morphology and kinematics of CO features in the
outer eastern region of the galaxy are unlike those previ-
ously seen in other ram pressure stripped galaxies. This
8ALMA CO (2-1)
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Figure 3. In colors is a PVD slice about the nucleus with a width of 6.5”, relatively thin so as to show circular motions,
although some signature from the bar and spiral arms is still present. Overplotted in points is the rotation curve derived from
our model of the kinematics of the western (less disturbed) side of the galaxy, mirrored about the middle so that it is also shown
plotted versus the eastern side.
ALMA CO (2-1)
PVD PA=90°  33’’ width
Decoupled 
Clouds
Plume
Compressed 
Region
Figure 4. PVD of the full galaxy (with a width of 32.5”) showing the CO (2-1) ALMA data cube, with the circular velocity
only model cube from Tirific shown in contours.
region was previously studied using dust extinction mea-
surements with HST in Abramson and Kenney (2014),
in which the authors pointed out that this region at the
edge of the detectable HI gas disk has spatially decou-
pled dust extincting clouds where the surrounding gas
has already been stripped.
Indeed, we detect four of these clouds in CO, as shown
in Figure 6a, and confirm that they are kinematically de-
coupled from the surrounding plume gas, and in the case
of clouds 1, 2, and 3, spatially, decoupled from their sur-
roundings. Cloud 4 is spatially coincident with higher
velocity gas (i.e. gas more accelerated by ram pressure)
but is kinematically decoupled. It has a velocity offset
of ∼20 km s−1 in the direction of ram pressure from the
predicted circular velocity in the region. Cloud 4 may
be more dense than the surrounding gas (see Section 4)
and it is also darker in extinction than the surround-
ing, suggesting it was not have been accelerated as far
as gas behind it. Clouds 1, 2, and 3 are spatially off-
set from other gas at the same galactocentric radius,
and unlike cloud 4, they have velocities consistent with
normal galactic rotation. This is shown in the PVD’s
(Figure 2c, and Figure 5 panel 1), which show that the
velocities of these decoupled clouds match that of gas
seen at the same radius on the west side of the galaxy.
They are kinematically decoupled from the surrounding
plume gas, such as is seen in regions 2 & 3 of Figure 6,
where a distinct cloud can be seen at an offset of ∼2”,
91 2 3 4 5 6 7 8
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Figure 5. PVD slices with a width of 8” along the minor axis. The x-axis shows the velocity, and y-axis the offset from the
center of the galaxy, which is marked with an ’x’. Surfaces show the data, while contours show the PVD slices of the model cube
from TiRiFiC, with contour levels of 1σ, 2σ, 4σ, 8σ, 16σ, where σ = 4.5× 10−3 Jy beam−1. Note that on the right side of the
galaxy, there is relatively good agreement between the model and data, while on the left side of the galaxy there is a significant
offset in both position and velocity. In panel 1, we mark with a white line the predicted velocity based on the circular velocity
in the disk plane. There is a large offset between the velocity of the gas and the predicted undisturbed circular velocity.
coincident with gas accelerated to a velocity 20−50 km/s
greater at the same position.
While the decoupled clouds we have detected are lo-
cated at similar projected radial distances as the ram
pressure accelerated gas that forms the plume, clouds 1,
2, & 3 have kinematics consistent with normal rotation.
This raises the question of why the gas in the decoupled
clouds seems to resist stripping, while the surrounding
gas is lifted up and away. One possible explanation we
investigate is whether the decoupled clouds could be
more dense than the surrounding ISM in the stripped
region of the leading side, and thus more resistant to
stripping.
To estimate the surface density of these decoupled
clouds, first, we derive the flux of the features from
the moment 0 map (Figure 1). To convert from CO
luminosity to total mass of H2, we adopt the CO-H2 re-
lation based on that measured for the Milky Way disk,
α = 4.3 M pc−2 (K km s−1)−1 (Bolatto et al. 2013), and
the CO (2-1)/(1-0) ratio of nearby galaxies, R21 ≈ 0.8
from Leroy et al. (2009); to account for the mass of
helium, we multiply ΣH2 by 1.34 (Klessen and Glover
2016). We note that while we assume a uniform XCO
throughout, it is certainly possible that it could vary
across the region. To estimate the surface area of these
features, we measure the size of the clouds from dust
extinction in HST images, and assume that the CO and
dust are coextensive. Since the resolution of HST is
much better than that of our ALMA data, this is prob-
ably a more precise method of measuring the physical
extent of these features. Due to the narrow line widths
(∼15 km s−1) of the decoupled clouds, they are likely
single clouds. Our results for the cloud properties are
shown in Table 1.
We find relatively good agreement between our esti-
mates of the gas mass MH2+He from CO flux of the small
features, decoupled clouds, and filaments, and estimates
of the mass from dust extinction of clouds measured by
Abramson and Kenney (2014). In Abramson and Ken-
ney (2014), the authors stated that their estimates are
likely lower limits on the total mass, since dust column
density can exceed the estimate from optical extinction
depending on the three dimensional distribution of the
dust and stars. They thus suggested the total mass of
the ISM features could be about a factor of ten higher,
bringing the decoupled clouds in line with the surface
densities of GMC-like clouds measured in other studies.
Our conclusions show, however, that the mass estimated
from dust extinction is roughly reliable, and that these
decoupled clouds have average surface densities (over
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Figure 6. Top left (a): HST three color image, with CO moment 0 contours, with levels ranging from 0.12 to 7.6 Jy beam−1
km s−1, with contour increments increasing by a factor of two between each level. Top right (b): A moment 1 velocity map
of the CO (2-1) with contours ranging from 330 − 450 km s−1 by increments of 20 km s−1. Bottom (c): PVD slices along
the minor axis, with the extent of each slice indicated by a box drawn on panel 2. On the x axis is velocity, and on the y the
vertical offset from the galaxy center. In red contours is a model of the circular velocity if the galaxy were symmetric about the
center (model described in section 3.3). The dotted white line in panel 5 shows the predicted circular velocity extended further,
to show the velocity offset of DC 4.
80 − 160 pc) of ∼ 10 − 20 M pc−2, much less than
the typical surface density of ∼100 M pc−2 for GMC’s
(Blitz et al. 2007). Thus the decoupled clouds are un-
likely to be single GMC’s. We discuss the decoupled
clouds properties further in Section 6.2.
Another likely example of cloud decoupling is the fila-
ment, marked in Figure 6a, first identified in Crowl et al.
(2005) from dust extinction, and shown in high resolu-
tion with HST in Abramson and Kenney (2014). It is
approximately 600 pc long, and has a clump of young,
blue stars at the head, as seen in the HST color image
(see Figure 1a). The filament sticks out into the oth-
erwise stripped southern zone of the galaxy. It may be
supported by magnetic tension (Abramson et al. 2016),
as suggested for similar features seen in the RPS galaxy
NGC 4921 in the Coma cluster (Kenney et al. 2015).
Furthermore, the star formation at the head of the fila-
ment may be triggered by compression of the ISM too
dense to be stripped.
6. DISCUSSION
6.1. What surface density of gas can be stripped by
RP?
As our data shows strong evidence for the direct strip-
ping of molecular gas from the disk of NGC 4402 via
ram pressure, we wish to estimate the strength of ram
pressure and the restoring force from the disk around
the stripped region. By estimating the ICM gas density
ρICM , the relative velocity of the galaxy with respect
to the cluster v, and the restoring force per unit mass
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Feature Integrated
Flux (Jy
km s−1)
Mass
MH2+He
(M)
Measured
mass MH
from dust
(M)
Area
(pc2)
Surface
Density
(M pc−2)
Line
Width
(km s−1)
Spectral
Surface
Density
(M pc−2
km−1 s)
Cloud 1 0.53 6.0 × 105 2.1 × 105 2.7 × 104 23 10 2.3
Cloud 2 0.53 6.0 × 105 - 4.1 × 104 15 15 1.0
Cloud 3 0.64 7.2 × 105 5.4 × 105 5.7 × 104 13 15 0.87
Cloud 4 0.99 1.1 × 106 - 4.6 × 104 25 15 1.7
Filament 0.41 4.7 × 105 8.9 × 105 7.5 × 104 6.2 20 0.31
Plume 21.4 2.4 × 107 - 1.1 × 106 22 50 0.44
Table 1. Properties of selected CO features in NGC 4402. From left to right, in column (1) the feature name. (2): The
integrated CO(2-1) flux. (3): Total mass of H2 & He assuming α = 4.3 M pc−2 (K km s−1)−1 and R21 ≈ 0.8, and the mass
fraction of He/H2 to be 1.34. (4) Minimum mass of H estimated from the dust extinction AV from Abramson and Kenney
(2014) for clouds also found in that paper. We note this included both HI and H2, whereas our mass estimate in column (3)
does not include HI. (5) Size of features based on spatial extent of the dust clouds, from Abramson and Kenney (2014). (6):
Estimated average surface density of these features by dividing column (3) by column (6). (7) The estimated line width σ of
the features. The plume has a range of line widths along its length, but averages about 50 km s−1. (8) The “spectral” surface
density of each feature, measured by dividing column (6) by column (7).
dΦg/dz, we can use the Gunn and Gott (1972) stripping
criteria ρICMv
2 > ΣISM dΦdz to estimate the surface den-
sity of gas ΣISM that would be stripped, and compare
it to our estimates for the surface densities of features
in Table 1. The projected distance of NGC 4402 from
the cluster center is 0.4 Mpc, and its 3D distance would
be larger than this. From measurements of the X-ray
surface brightness profile of Virgo from Schindler et al.
(1999), at the cluster 3D radius of 0.4 Mpc, the density
is estimated to be ρICM = 3 × 10−28 g cm−3, and fur-
ther out it would be less. However NGC 4402 is located
only about 50 kpc in projected distance from the ellipti-
cal M86, and is likely a member of the M86 subcluster,
which has its own local peak in X-ray surface brightness
and ICM density. Schindler et al. (1999) did not model
the M86 region, but from comparison of the X-Ray sur-
face brightness near NGC 4402 and at other locations
at the same projected radius, we estimate the ICM den-
sity near NGC 4402 could be two times higher than the
above estimate. Thus we adopt an ICM density in the
range 3× 10−28 to 6× 10−28 g cm−3.
The line of sight velocity of NGC 4402 with respect
to the cluster is vgal − vVirgo = 847 km s−1, and the 3D
velocity would be larger than this. The orbital velocity
of a typical Virgo galaxy at a 3D radius of 0.4 Mpc is
predicted to be ∼1300 km s−1 (Binggeli et al. 1993),
although the maximum could be as high as ∼1800 km
s−1 Vollmer et al. (2001). Thus we adopt a relative
velocity range of 1300 − 1800 km s−1. Therefore, the
ram pressure at NGC 4402 is predicted to be in the
range of Pram = ρv
2 ∼ 5 × 10−12 to 2 × 10−11 dyne
cm−2.
We estimate the gravitational restoring force per unit
mass dΦdz as approximately equal to V
2
rotR
−1, as done in
Lee et al. (2017). At the radial distance of the plume,
r ∼ 60” = 4.8 kpc, the circular velocity predicted from
our DiskFit model is 119 km s−1, so V 2rotR
−1 = 9.6 ×
10−14 km s−2. Using the Gunn & Gott formula, we es-
timate the surface density of gas that would be stripped
under these conditions as ΣISM = ρICMv
2V −2rotR ≈ 2.5
M pc−2 for the lowest estimated density and velocity,
and ΣISM ≈ 10 M pc−2 for the upper limit.
Our calculation of the maximum density of ISM gas
that could be stripped is still about an order of magni-
tude less than the density of typical GMC’s (Blitz et al.
2007), suggesting that ram pressure is not likely to di-
rectly strip GMC’s. On the other hand, it is proba-
bly strong enough to strip diffuse molecular gas, which
can comprise a significant fraction of the total molec-
ular gas in a galaxy. In the Milky Way Roman-Duval
et al. (2016) estimate that diffuse molecular gas com-
prises 25% of the total molecular gas, although the frac-
tion increases with galactocentric radius. In M51, the
diffuse fraction is estimated to be ∼50% (Pety et al.
2013). While these diffuse fractions are large, they are
not as large as those we observe in the plume region:
88% of the CO appears to be undergoing stripping in
the plume, and only 12% is in decoupled clouds below
the plume. A near 90:10 ratio of diffuse to GMC gas
seems incompatible with the presence of significant on-
going star formation in this part of NGC 4402, indicat-
ing that much of the molecular gas in this region must
have spent time as GMC’s.
If ram pressure is too weak to strip GMC’s di-
rectly, they must be disrupted by some other effect
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on a timescale shorter than the ram pressure stripping
timescale. We estimate this to be the time that the ISM
spends on the leading quadrant of the galaxy, where it
is not shielded by any intervening ISM, and thus ex-
periences close to the maximum ram pressure. Based
on our rotation curve, we estimate the orbital period
of NGC 4402 to be ∼250 Myr at the radial distance
of the plume, and that gas spends ∼1/4 of its orbit, or
∼60 Myr, exposed to the maximum ram pressure. Thus,
GMC lifetimes must be below or within ∼60 Myr. One
possible explanation for the lack of GMC’s detected in
the stripped zone is disruption by stellar feedback, then
stripping of the resulting disrupted gas by ram pressure
preventing the normal reforming via cooling and grav-
itational collapse of GMC gas. This hypothesis is sup-
ported by results from Kruijssen et al. (2019), in which
they find evidence for the dispersal of GMC’s in NGC
300 on short timescales of ∼1.5 Myr after the forma-
tion of massive stars due to photo-ionization and stellar
winds, limiting the average lifetime of GMC’s to ∼10
Myr.
The compression from ram pressure could increase the
fraction of the ISM that becomes GMC’s, which then
form stars. It acts similar to a spiral arm density wave,
which synchronizes and concentrates the formation of
GMC’s (Vogel et al. 1988). The resulting concentrated
star formation and its feedback results in the synchro-
nized destruction of the GMC’s, the remnants of which
would be less dense than the original GMC, and thus
easier to strip.
6.2. Decoupled clouds
The small clouds we have labelled as ‘decoupled
clouds’ (1 − 3) are located right below the plume, and
are spatially and kinematically distinct from the plume,
with velocities consistent with normal rotation, and
thus, they appear to not be accelerated by ram pres-
sure. In these respects, these clouds are consistent with
denser clouds that decouple from surrounding lower den-
sity gas that is stripped. One would therefore expect
these clouds to have higher surface densities than the
stripped gas, however with the present observations we
have no evidence that this is the case. At ∼100 pc reso-
lution, the decoupled clouds have measured surface den-
sities (Table 1) that could plausibly be stripped by the
estimated ram pressure. There are several possible ex-
planations for this apparent discrepancy between expec-
tations and the current observations.
One possibility is that the relationship between the
observed surface density and the surface density in the
wind direction, which is the quantity that matters for
stripping, is different for the plume and the decoupled
clouds. While the plume and the decoupled clouds have
similar total surface densities, the line widths in the
plume are much larger than those for the decoupled
clouds, so the surface density per velocity interval, i.e.
the ‘spectral’ surface density (Table 1), is lower in the
plume. Given the large linewidths in the plume, gas
along the line of sight in the plume may contain mul-
tiple clouds superimposed, so that the surface density
in the wind direction for the plume may be much lower
than the observed surface density. This difference in
spectral surface densities suggests that the plume gas is
more diffuse, with a lower intrinsic surface density, than
the decoupled clouds. In the Milky Way galaxy, Roman-
Duval et al. (2016) find that diffuse molecular gas has a
lower spectral surface density, on average than GMC’s.
Another possible explanation is that the standard CO-
H2 relationship (X-factor, or XCO) we have adopted is
not correct for either the plume and/or the decoupled
clouds. Since we have measured only one CO transition,
we have no observational constraints on the CO-H2 re-
lationship in the plume and decoupled clouds of NGC
4402. It will be of interest to measure other molecular
lines in the future to constrain XCO.
Furthermore, it is also possible that the plume and de-
coupled clouds have different surface densities on scales
smaller than our ∼100 pc resolution with ALMA, and
that the decoupled clouds have much higher peak sur-
face densities than the gas that was stripped to form the
plume. The relevant length scale over which the gas sur-
face density should be measured to use with the Gunn
& Gott prescription for ram pressure has been unclear.
Spatially separate ISM gas parcels are not fully indepen-
dent, and may be physically linked through magnetic
fields and other effects. If this is the correct explana-
tion, this would imply that the spatial scale at which
surface density is important in stripping is smaller than
our resolution, on the order of <100 pc. Further ALMA
observations with higher angular resolution are needed
to determine the surface densities of these features on
smaller scales.
A final possibility is that while the plume and the
decoupled clouds now have similar surface densities, the
decoupled clouds originally had a higher surface density
that resisted stripping, but they have been ablated or
have otherwise evolved so that they currently have a
lower surface density. The plume may have also cooled
over time, forming pockets of gas denser now than when
they were stripped.
While we cannot currently identify which of these ex-
planations might be correct, this mystery could be re-
solved with future ALMA observations at higher spatial
resolution and of other molecular lines.
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Figure 7. HST three color image, with CO moment 0 shown
as a reddish overlay, and Hα (from Kenney et al. (2008))
shown with the blue contours. Hα contour levels vary from
4 × 1036 to 1 × 1038 ergs s−1 arcsec−2 by factors of 2. There
is some overlap of the Hα and the part of the plume closest
to the ram pressure front, which may be the result of star for-
mation triggered by compression here. The decoupled clouds
are not detected in Hα, and thus likely have no ongoing or
recent (within the last ∼ 10 Myr) star formation.
6.3. Evolutionary stages of ram pressure
Our high resolution ALMA observations show the
molecular gas undergoing both compression and strip-
ping as a result of ram pressure. We suggest that these
represent two different evolutionary stages of the ISM
under ram pressure. The compressed region (see Figure
6) shows the first stage of major RPS effects. While gas
in this region does not reach non-circular velocities near
that of the plume, Figure 5 shows that it is kinemati-
cally offset by ∼30 km s−1 in the direction of the ram
pressure from the predicted rotation velocity at its ra-
dius. The ISM is compressed which likely results in both
direct concentration of molecular gas and/or enhanced
formation of molecular gas via compression of the atomic
gas, as an increase in relative gas and dust density could
lead to more H2 formation on dust grains. This increase
is enough to make the center of the compressed region
the brightest peak in CO surface brightness outside the
circumnuclear region of the galaxy, corresponding to a
peak surface density of ∼75 M pc−2. It is possible this
triggers intense star formation in the compressed region,
as is seen on the leading side of a number of other RPS
galaxies (Koopmann and Kenney 2004; Vollmer et al.
2012; Lee and Jang 2016; Vulcani et al. 2018), and as
evidenced by FUV (Lee et al. 2017) and Hα (Figure
7) observations of this region of NGC 4402. Thus this
region is undergoing intense star formation.
We find evidence in the plume region for an earlier
evolutionary stage of compressed gas and triggered star
formation. Figure 7 shows contours of Hα emission su-
perimposed on the HST and ALMA CO(2-1) images.
Within the bottom part of the plume, there is an Hα
ridge that angles upward from the disk and is offset
from the major axis in the direction of ram pressure.
There are a number of visible blue stars in the region of
the disk midplane cleared of dust just south of the Hα
ridge, indicating recent star formation here. The gas
that formed the young stars powering the HII regions
in the plume detected in Hα was likely displaced from
the disk midplane by ram pressure. It is likely that the
compressed region, indicated in Figure 7, is at an earlier
evolutionary stage of this process. From the PVD shown
in Figure 5 we can see that the compressed region has
been kinematically disturbed by ram pressure, but there
has not yet been sufficient time and acceleration for it to
have caused a significant spatial offset. In several more
Myr, the acceleration this gas has received will likely
cause it to be spatially offset from the disk midplane,
like the offset observed for the HII regions in the plume
region. Thus the stripped zone seems consistent with
the expected later stage of the compressed zone.
In regions of intense star formation, triggered by ram
pressure compression, stellar feedback could blow gas
out from the region, both accelerating it towards the
escape velocity (∼300 km s−1 at this radius for NGC
4402) and lowering the density of the ISM, and thus
requiring less total work from the ram pressure to even-
tually strip the gas entirely. Stellar feedback may also
lead to the formation of holes in the ISM, allowing RPS
to ablate the densest regions (Quilis et al. 2000). In
the high resolution gas simulations by Tonnesen and
Bryan (2010, 2012), the authors found ram pressure of
Pram = 6.4 × 10−12 dyne cm−2 (very similar to our es-
timate of the ram pressure experienced by NGC 4402)
was too weak to strip gas with the density of typical
GMC’s directly, but did find gradual stripping via hy-
drodynamical ablation of the envelopes surrounding the
dense, GMC-like clumps. However, the authors notably
did not include stellar feedback in these simulations. As
we find that any GMC’s which avoid the initial stripping
do not survive for long, the inclusion of proper prescrip-
tions for stellar feedback in simulations may be key to
accurate predictions for the fate of GMC’s during strip-
ping events.
7. SUMMARY
We have presented new ALMA CO(2-1) observations
of one of the nearest and best examples of a galaxy expe-
riencing ram pressure stripping, NGC 4402 in the Virgo
cluster. We have found clear evidence from both the
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morphology and kinematics for both the compression
and direct stripping of molecular gas via ram pressure.
• Direct stripping of molecular gas: We have de-
tected a large (width of ∼1 kpc, height of ∼2 kpc,
and mass of MH2+He = 2.4× 107 M) extraplanar
plume of molecular gas on the eastern, leading side
of the galaxy at r ∼ 4−5 kpc, first seen in HST ob-
servations of dust extinction. Through analysis of
the CO(2-1) in the plume, we’ve found evidence
of non-circular motions that are likely the result
of ram pressure acceleration. Compared with the
more kinematically regular and undisturbed west-
ern side of the galaxy, the gas in the eastern plume
has velocities up to 80 km s−1 higher than the
expected rotation velocity. This feature is both
spatially and kinematically offset in the direction
consistent with the expected ram pressure wind
direction; it is also the largest deviation from cir-
cular motion seen in the galaxy.
• Decoupled clouds: Just below the extraplanar
plume of gas, we find isolated clouds that have
kinematics consistent with simple rotation, i.e. no
disturbance from ram pressure. This suggests that
some of the material on the leading side has re-
sisted acceleration by ram pressure. The detected
decoupled clouds represent only ∼12% of the total
mass of molecular gas in this zone. At the resolu-
tion of our ALMA data, ∼ 1 − 2” = 80 − 160 pc,
the observed surface brightness of CO in the plume
and decoupled clouds are similar, with estimated
surface densities of molecular gas of ∼ 10 − 20
M pc−2. The plume gas has a significantly lower
spectral surface density than the decoupled clouds,
suggesting that it is more diffuse and spread over
a much larger volume than the decoupled clouds.
We suspect the decoupled clouds resist stripping
because they have higher surface densities, and if
so the spatial scale at which surface density is im-
portant in stripping is smaller than our resolution,
on the order of < 100 pc.
• Compression of molecular gas: Just inside of the
plume of stripped material, closer to the galactic
center at r = 3.5 kpc, we find the highest peak
in the CO surface brightness outside of the cir-
cumnuclear region. While this region has no visi-
ble plume, and no gas has velocity offsets as high
as the stripped material in the plume, this region
does appear to be kinematically offset by ∼30 km
s−1 from the expected rotation velocity in the di-
rection consistent with the ram pressure, indicat-
ing acceleration from ram pressure. This suggests
this is a zone of molecular gas compressed by ram
pressure. The large FUV and Hα peaks in this
region indicate this is a region undergoing intense
star formation.
• Evolutionary stages of the RP interaction: We
propose that the compressed region at r = 3.5 kpc
and the plume plus decoupled cloud region at r =
4.5 kpc represent different evolutionary stages of
the ram pressure interaction. The initial stage is
gas compression caused by ram pressure accelera-
tion of the gas, leading to triggered star formation.
Feedback from star formation then facilitates the
stripping of most of the remaining molecular gas,
probably by disrupting the GMC and driving the
molecular gas to a more diffuse state with lower
surface density that is easier to strip. We find ev-
idence for this evolutionary progression from the
distribution of young stars in the plume region.
Within the bottom part of the plume, there is a
ridge seen in Hα that angles upward from the disk
and is offset from the major axis in the direction
of ram pressure. This suggests that the gas in the
plume was previously compressed and underwent
star formation, and that the kinematic distur-
bance that caused the compression also gave the
star-forming clouds an upward vertical velocity.
Consequently, this vertical acceleration imparted
to the star-forming clouds by ram pressure com-
pression should make a young thick disk stellar
component. Given more time, the gas in the com-
pressed zone should follow a similar path, moving
in the same direction from the disk plane as the
gas in the Hα ridge in the plume region likely did.
• How so much molecular gas is stripped:
Estimates for the ram pressure experienced by
NGC 4402 suggest it is too weak to directly strip
GMC’s with surface densities of Σgas ≈ 100 M
pc−2, yet we find very little dense gas remaining in
the stripped region south of the plume. The only
flux we detect is in the decoupled clouds, which
have surprisingly low measured surface densities,
although they may have denser cores. In light of
this, we have considered different possible explana-
tions for the large amount of stripped molecular
gas in the plume region. Our favored explana-
tion is that GMC lifetimes are shorter than the
ram pressure timescale (∼60 Myr) in NGC 4402,
thus gas cycles rapidly cycles between GMC and
non-GMC phases, and is stripped when it is in a
lower density non-GMC state. GMC’s may be dis-
rupted by massive star formation on a time scale
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of around 10 Myr, and then the GMC remnants
ejected by stellar feedback could be stripped away.
• The interrelationship of RPS and SF: Our
study illuminates the interrelationships between
ram pressure and star formation. Ram pressure
can compress the ISM, leading to a locally en-
hanced rate of star formation. Then feedback
from this star formation can make the gas easier
to strip, by reducing the gas surface density.
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